Accurate temperature-dependent ideal-gas internal partition functions, Q int (T ), and several derived thermochemical functions are reported for heavy water, with an oxygen content corresponding to the isotopic composition of the Vienna Standard Mean Ocean Water (VSMOW), and its constituent isotopologues,
Introduction
Despite the low cosmological abundance of deuterium, D 2 16 O has been detected in the interstellar medium. 1 D 2 16 O is particularly prevalent in the environments of low-mass starforming regions, where its gas-phase abundance can be surprisingly large 2 and where analysis of ratios of ortho and para species point to formation at very low temperatures. 3 Fractionation effects are important for the production of D 2 16 O in these environments. [4] [5] [6] On earth, D 2 O is used as a substitute for ordinary water in various fields of science and technology utilizing neutron scattering and related experimental and testing techniques. Following the recommendation of the International Association for the Properties of Water and Steam (IAPWS), 7 "heavy water" is defined 8 here as "water whose hydrogen content is pure 2 H and whose oxygen has the isotopic composition of the Vienna Standard Mean Ocean Water (VSMOW)". [9] [10] [11] The terrestrial and extraterrestrial applications mentioned often require knowledge of a range of thermodynamic properties of heavy water as well as of its constituent isotopologues. The thermodynamic properties of heavy water have particular importance in the nuclear power industry. [12] [13] [14] Consequently, IAPWS 7 developed an international standard equation of state (EOS) for the thermodynamic properties of heavy water and adopted it in 1984. This EOS is based on a publication of Hill et al., 13 who fitted a polynomial to the ideal-gas heat capacity of heavy water calculated by Friedman and Haar (FH) in 1954.
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Although the 1984 IAPWS recommendation was slightly revised in 2005, 16 to make the old equation conform to the ITS-90 17 temperature scale, it kept employing the ideal-gas FH data. The results of FH 15 form also the basis of the JANAF (Joint Army, Navy, and Air Force) tables of D 2 16 O. 18 The dimensionless data of FH 15 have been converted to become the JANAF tables using a universal molar gas constant R = 8.314 41(26) J mol −1 K −1 , the value of this physical constant available in 1973. 19 Furthermore, the FH data for isobaric heat capacities between 4000 and 5000 K were extrapolated linearly (except with a term in T −2 ) to obtain the JANAF data up to 6000 K. JANAF can be considered as the most widely employed present-day general reference for thermochemical data.
Any standard EOS requires a formulation of the ideal-gas thermodynamic functions in order to compute properties of the real fluid, such as heat capacity, enthalpy, and entropy (sometimes called "caloric properties"), as well as properties such as the speed of sound in the given phase and the Joule-Thomson coefficient. 20 The EOS is typically written as a function of temperature and density. Part of the EOS is based on the ideal-gas contribution depending on properties of single molecules, while the residual part reflects intermolecular interactions. The ideal-gas contribution to the EOS requires an expression for the isobaric heat capacity of the ideal gas.
In 2012, IAPWS began an effort to develop a new heavy-water standard, which would take advantage of recent developments in EOS methodology and of new data. Since our molecular knowledge of heavy water, and therefore our ability to compute its ideal-gas thermodynamics, has greatly advanced compared to 1954, it is highly desirable to have new, more accurate ideal-gas heat-capacity values to use in the new formulation. An inaccurate ideal-gas heat capacity would force the other fitted terms in the EOS to be distorted in order to fit experimental data for caloric properties. It is also desirable to have good estimates of the uncertainty in these heat capacities, in order to estimate the uncertainty in caloric properties calculated from the EOS -the uncertainty of the FH 15 results is unclear and FH did not provide quantitative uncertainty estimates. Moreover, a clear disadvantage of the FH calculations is that they only concern D 2 16 O, the most abundant heavy-water constituent.
Clearly, both the IAPWS and the JANAF heavy-water data are ready for a substantial revision.
Several of the present authors published a study in this journal on the determination of highly accurate ideal-gas thermochemical functions for H 2 16 O between 0 and 6000 K.
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In that study, hereafter referred to as I, it was shown that a limited set of highly accurate experimental rovibrational energy levels combined with a full set of first-principles computed energy levels up to (and beyond) dissociation provides the basis for highly accurate ideal-gas thermochemical functions up to rather high temperatures, 6000 K being the reported limit. Finally, note that there are only a very limited number of studies 15, [23] [24] [25] known to us on the ideal-gas Q int (T ) and related thermochemical functions of any of the three heavy-water isotopologues. None of these studies come close to the accuracy of the present investigation, which heavily builds upon achievements in the fourth age of quantum chemistry. 26 
Methodological Details
In what follows we compute ideal-gas thermochemical functions for the three isotopologues of heavy water employing a protocol advocated in I. According to that recommendation, two types of rovibrational energy level sets are utilized for computing Q int (T ) for D [27] [28] [29] analysis of the experimental rovibrational transitions, 22 while the second data set contains first-principles computed levels determined as part of the present study. The labeling scheme employed for the rovibrational states of the D 2 O isotopologues employs six quantum numbers: v 1 , v 2 , and v 3 are approximate normal-mode quantum numbers describing the vibrations (symmetric stretch, bend, and antisymmetric stretch, respectively), while the exact J rotational quantum number and the approximate K a and K c values are used for the description of the rotations. 
First-principles energy levels
The first-principles bound rovibrational energy levels of the three isotopologues of heavy water utilized in this study were computed using two different potential energy surfaces (PES). For all three isotopologues, we used the best, semi-theoretical heavy-water PES, With increasing J and increase of the energy we decreased the size of the basis and thus decreased the accuracy of the computed levels. Note that the energy levels with J > 75 were computed with a version of the DVR3D and ROTLEV programs modified to do high-J computations. To ensure the highest possible accuracy of our energy level sets, we replaced the firstprinciples energy levels with MARVEL energies whenever it is possible and this way we obtain what is called hereafter the hybrid database. This procedure does not ensure that we have the complete set of rovibrational states very close to the dissociation limit. This minor shortcoming of the present treatment is reflected in the somewhat increased uncertainties at the highest temperatures for D 2 17 O and D 2 18 O (note the large uncertainties employed for energy levels above 35 000 cm −1 , Table 1 ).
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Thermochemical quantities
As usual, 20, [44] [45] [46] the total partition function is assumed to be the product of the internal and the translational partition functions. As also well known, 23,47 the internal partition function, Q int , of a free molecule is written as
where c 2 = hc/k B is the second radiation constant, J i is the rotational quantum number, E i is the rotational-vibrational energy level given in cm −1 (the zero is taken as the ground vibrational state), T is the thermodynamic temperature in K, g s is a state-independent nuclear-spin degeneracy factor for atoms not exchanged under rotation, 45 g i is the nuclearspin degeneracy factor for identical atom interchanged under rotation, and the index i runs over all possible rovibronic energies considered. 
Nuclear spin degeneracy factor
In the case of a triatomic molecule where two identical nuclei can be exchanged, like the case of the three isotopologues of heavy water, there are two separate rovibrational energy level sets corresponding to two distinct molecules. The two sets are called ortho and para. These distinct principal components of the spectroscopic network (SN) 48, 49 of the molecule cannot be connected by transitions measured by traditional techniques of high-resolution spectroscopy. As emphasized in the previous subsection, the nuclear spin statistics, and consequently the degeneracy, factors of Eq. (1) Note that for the three D 2 O isotopologues, due to the fact that I(D)= 1, the ground, J = 0 state is ortho (with one of six symmetric spin states, I = 0 or 2) and J KaKc = 1 01 is the lowest-energy rotational state of para symmetry (with one of three antisymmetric spin states, I = 1). At the lowest temperatures the equilibrium composition (e-D 2 O) is pure ortho, and for "normal" D 2 O (n-D 2 O), where "normal" means the equilibrated composition at the high-temperature limit, the ortho-para ratio (OPR) is 2:1.
Uncertainty analysis
We just briefly summarize the most important sources of uncertainty of the computed thermochemical functions, identified in I, before going into a detailed uncertainty quantification analysis for the isobaric heat capacity. 
a v 3 is the antisymmetric OD stretch quantum number, K a and K c are the standard asymmetric-top rotational quantum numbers. Figure 2 shows the individual uncertainty contributions of Q int (T ) (left panel) and C p (T ) (right panel) in the case of the heavy water isotopologues. It can be seen that above 4500 K the largest uncertainty of C p (T ) comes from the consideration of the unbound states. In I the contribution of the unbound states was estimated based on a simple model which overestimated this contribution by a factor of around two for bound states and a similar overestimation was assumed for the unbound states. In this study we employed the same technique to determine the contribution of the unbound states of the D O. Furthermore, the uncertainty of the contribution was assumed to be the same as its value. This type of uncertainty is close to zero up to 4000 K, but above this temperature this contribution dominates. The situation is different in the case of Q int (T ), where the largest source of uncertainty (almost in the whole temperature range) is the uncertainty of the energy levels.
We employed the "two extrema" method (see I) to determine the uncertainty of the partition function (and the thermochemical functions) which comes from the uncertainty of the energy levels. We also determined this type of uncertainty using the common error propagation formula, but since the uncertainty of the energy levels of the heavy-water molecules are much larger than the uncertainty of energy levels of H 2 16 O, the analytical formula provided artificially small uncertainties. Figure 2 shows that this type of uncertainty is smaller than 0.5% even at high temperatures. In the case of Q int (T ), this contribution is the dominant part of the total uncertainty in the whole temperature range (except for D 2 16 O above 5500 K), since the uncertainties of the first-principles computed energy levels are considerably larger (see Table 1 ). In the case of C p (T ) this type of uncertainty is almost negligible above 5000 K.
The third type of uncertainty is the uncertainty about the number of bound energy levels. We estimated this type of uncertainty with the differences of the Q cutoff value (i.e., the inclusion of the energy levels only up this value) is D 0 − 500 cm −1 in the case of D 2 16 O, and D 0 − 750 cm −1 for the other two isotopologues (i.e., we reduced the dissociation limit with the largest uncertainty). Figure 2 shows that this type of uncertainty is also smaller than 0.5% and it is negligible under 4000 K.
The fourth source of uncertainty in computed thermochemical functions comes from the uncertainties of the physical constants employed. Although such uncertainties are usually so there are first-principles computed energy levels (with sizeable uncertainties) at relatively low energies, and (b) the uncertainties of the experimental energy levels are larger in the case of heavy water than they are for H 2 16 O. An adjustment of C p (T ) in case that the value of R and c 2 are changed is
The dependence of our computed heat capacity values on the uncertainty of R can be masked by reporting C p (T )/R values. This practice is followed in the present study. However, it is to be noted that the values of the second radiation constant c 2 are very closely correlated to R and, consequently, any change of R must be accompanied by a corresponding adjustment of c 2 . As a consequence of the close covariance of R and c 2 , a simple form can be derived for the combined contribution of the uncertainties of c 2 and R to the standard uncertainty of
where u r (R) is the relative standard uncertainty of the universal gas constant. In the proposed re-definition of the SI system, 50 both R and c 2 will become exact constants and their uncertainties will be transformed into the uncertainty of the temperature scale. Tables 3-5, respectively, in 100 K intervals up to 6000 K. The full set of results at 1 K increments is given in the supplementary material 51 to this paper. Table 6 lists the following thermochemical functions at different temperatures for the three isotopologues: isobaric heat capacity, C p (T ), entropy, S(T ), and standard enthalpy, H o (T ). The supplementary material 51 also contains the same information for the ortho and para forms of the three isotopologues and the most important thermochemical functions, all at 1 K increments. Figure 2 shows the difference between our D 2 16 O Q int (T ) partition function and that of Hewitt et al., 24 who only considered temperatures below 1000 K. At low temperatures the agreement between the two studies is excellent although it would appear that Hewitt et al.'s calculations give a partition function which is too low above about 600 K, probably due to incomplete lists of energy levels. Table 3 . The temperature-dependent nuclear-spin-equilibrated internal partition functions, Q int (T ), of D 2 16 O and its first two moments, Q int (T ) and Q int (T ). The standard uncertainties associated with the data are given in parentheses. and Martin et al. 23 The figure suggests that the results of FH are reasonable for temperatures up to about 4000 K, while those of Martin et al. systematically underestimate the heat capacity starting at the lowest temperatures.
Results and Discussion
Comparison with previous results
T /K Q int (T ) Q int (T ) Q int (T ) T /K Q int (T ) Q int (T ) Q int (T )
Isotopic composition of heavy water
As mentioned above, IAPWS 7 defines "heavy water" 8 as a mixture of water isotopologues whose hydrogen content is pure 2 H (D) and whose oxygen content has the isotopic composition of VSMOW. [9] [10] [11] The convention of using VSMOW's oxygen composition for heavy Table 4 . The temperature-dependent nuclear-spin-equilibrated internal partition functions, Q int (T ), of D 2 17 O and its first two moments, Q int (T ) and Q int (T ). The standard uncertainties associated with the data are given in parentheses. (2) 9634 (6) 24939 (25) 3400 1423494(1144) 4947410(6402) 23749686 (53590) 400 9877(5) 15458 (13) 41867 (45) 3500 1575125(1351) 5525680(7947) 26668804 (68010) 500 14098(9) 22957 (22) (19) 44594(41) 139150 (117) 3800 2109734(2263) 7591163(15037) 37166104(134607) 800 31883(25) 59719(53) 194430 (150) 3900 2317260(2696) 8401850(18493) 41307025(167109) 900 39961(32) 78477(66) 265547 (190) 4000 2540898(3214) 9279894(22660) 45800643(206357) 1000 49381(40) 101513(80) 355547 (237) 4100 2781565(3831) 10229205(27663) 50666215(253548) 1100 60328(48) 129527(97) 467786 (291) 
16 Table 5 . The temperature-dependent nuclear-spin-equilibrated internal partition functions, Q int (T ), of D 2 18 O and their first two moments, Q int (T ) and Q int (T ). The standard uncertainties associated with the data are given in parentheses. (2) 21813(7) 78846(32) 4200 513502 (751) 1902285 (5673) 9457061(52293) 1200 12280(2) 27504(9) 102162 (42) 4300 560424(897)
The properties of heavy water in the ideal gas state are obtained as properties of a mixture of ideal gas components. The components are the individual isotopologues
and D 2 18 O, for which, as usual in thermochemistry, we assume nuclear-spin equilibration.
Of particular importance for this study is the isobaric heat capacity, which can be obtained as
The uncertainties of the isotopic abundances result in a contribution to the uncertainty of the thermodynamic properties of heavy water. The abundances a 17 and a 18 have been determined independently and, therefore, can be assumed to be uncorrelated. However, the Table 7 . The Q int (T ) partition function and the C p (T ) isobaric heat capacity of heavy water determined in this study. Table 7 contains the recommended Q int (T ) partition function and the C p (T ) of heavy water. We note that the uncertainty which comes from the uncertainties of the abundances (using Eq. (7)) is negligible, as the uncertainties of Q int (T ) and C p (T ) are larger by at least two orders of magnitude.
3.4.
Low-temperature limit
Due to the heavier mass and the larger moments of inertia of heavy water over ordinary water, it behaves less as a quantum system at the lowest temperatures than H Table 7 shows a clear maximum, at about 4100 K, of the C p (T ) function of heavy water. As tested, one does not qualitatively change this feature by adding the quasi-bound states to the energy-level set. There is only a shift of the maximum to (slightly) higher T . Quasibound states will make a much bigger contribution than the excited electronic states, as all the low-lying electronic excited states of water are dissociative so they do not contribute in a model with only sums over (quasi-)bound states. Having a maximum in the C p (T ) function is a feature and not a problem and it just means that the structure in C p (T ) is definitional and due to our choice of treating the various dissociated systems separately.
Summary and Conclusions
Temperature-dependent ideal-gas internal partition functions, Q int (T ), have been determined, in the range of 0 to 6000 K, for the following molecules: ortho-and para-D 2 16 O, set of first-principles energy levels, over three million for each isotopologue, have been utilized during the explicit summation. These ideal-gas internal partition functions and their first two moments were then employed to obtain the following thermochemical functions in the same temperature range: Gibbs energy function, enthalpy, entropy, and isobaric heat capacity. Approximately two standard deviation uncertainties have also been determined for all these quantities. These uncertainties are much smaller than ever determined before for these molecules. Above about 3000 K the contribution coming from unbound states gives the largest percentage of the overall uncertainty, while at the highest temperatures the uncertainty in the energy level density is the other factor which significantly affects the overall uncertainties. Following the accepted practice in thermochemistry, nuclear-spinequilibrated thermochemical functions have also been obtained for D These functions were then combined to provide partition and caloric functions for heavy water, defined according to the IAPWS convention. All the data obtained are given in the supplementary material with 1 K increments.
Four sources of uncertainty of the values of the thermochemical functions determined have been identified, namely the uncertainty of the energy levels, the uncertainty of the number of energy levels (this becomes an issue close to dissociation), the approximate consideration of the effect of unbound states, and the uncertainty of the physical constants employed. At this point it must also be mentioned that "real" heavy water, especially as used in industry, might not match the "official" VSMOW oxygen isotope abundances. The procedures for purifying heavy water typically also make the oxygen abundances a little "heavier", but this is almost never measured. Thus, this is an additional (small) source of uncertainty in applying the "heavy water" heat capacities determined in this study to real systems. The isotopologuedependent data presented here allows users to construct accurate thermodynamic data for other compositions as needed.
The large amount of data supplied in this study should serve well the purposes of the International Association for the Properties of Water and Steam (IAPWS) seeking to produce a new Equation of State (EOS) for heavy water, replacing their 1984 recommendation, slightly revised in 2005, based on ideal-gas data obtained in 1954 by Friedman and Haar (FH) . 15 The FH data form also the basis of the JANAF tables of heavy water. 18 Replacing the IAPWS and JANAF data with the new, high-quality data of the present study is highly recommended.
